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1. INTRODUCTION

The cavity decoupling evasion scenario continues to represent the
greatest challenge to effective seismic monitoring of any eventual
Comprehensive Test Ban Treaty (CTBT). However, despite the fact that
the feasibility of this evasion concept was experimentally established nearly
30 years ago by the U.S. STERLING nuclear cavity decoupling test, a
number of issues of importance with respect to seismic monitoring still
remain unresolved. This is the case because the available experimental
database is too sparse and uncertain to provide a firm basis for resolving
these questions, and because the theoretical models being used to simulate
the seismic source characteristics of such tests are strongly dependent on
the still uncertain low pressure equations of state used to represent the
response of real earth materials to explosive loading (Murphy et al., 1996).
As a result, significant uncertainty is associated with extrapolations to
cavity decoupling test conditions which are outside the range of previous

experience.

From a practical perspective, the principal uncertainties relate to the
assessment of the effects of cavity size and shape on decoupling
effectiveness. That is, because the spherical cavity sizes required for
theoretically "full” decoupling in the yield range of potential testing
interest are so large and difficult to construct (Murphy, 1980), there is a
significant incentive for a clandestine tester to quantitatively evaluate the
penalties associated with using progressively smaller cavities and elongated
cavities which are nonspherical in shape. Over the past several years, we at
S-CUBED have been carrying out a wide range of nonlinear, finite
difference simulations of cavity decoupling in which the effects of cavity
size and shape have been analyzed for both nuclear and chemical explosions
in various source media (Murphy et al., 1988; Stevens et al., 1991a, 1991b;
Rimer et al., 1994; Murphy et al., 1996). While the results of these
simulations have been very informative, it has been difficult to critically
assess their fidelity, because of the limited U.S. experimental database on
cavity decoupling. However, scientists from the Institute for Dynamics of
the Geospheres (IDG) of the Russian Academy of Sciences have recently




begun publishing new information on some Russian decoupling
experiments (e.g., Adushkin et al., 1992) which provide data relevant to
these issues. For this reason, S-CUBED and IDG scientists initiated a joint
research investigation in which an attempt has been made to integrate these
newly available data and theoretical results in order to develop an
improved, quantitative capability for evaluating the plausibility of various
cavity decoupling evasion scenarios.

The research results summarized in this report have centered on a
comprehensive analysis of seismic data recorded from a series of HE cavity
decoupling experiments conducted by the Russians in Kirghizia in 1960 and
on the analysis of data recorded from a series of nuclear tests conducted in
a water-filled cavity at the Soviet Azgir test site in the 1975-1979 time
frame. The map locations of these two test sites within the territories of
the former Soviet Union are shown in Figure 1. Data recorded from the
Kirghizia tests in cavities of different size and shape in limestone are
compared and analyzed in Section 2, where they are also evaluated in terms
of the results of theoretical, finite difference simulations of tamped and
cavity decoupled explosions in this source medium. This is followed in
Section 3 by an analysis of seismic data recorded from four nuclear tests in
the water-filled cavity in salt at Azgir, in which yield dependent
cavity/tamped seismic source spectral ratios are estimated and interpreted
in the context of theoretical simulations of the nonlinear interactions
between the explosion-induced shock effects in both the water and
surrounding salt medium. The report concludes with Section 4 in which a
summary of the results of this research investigation is presented, together
with some conclusions regarding the implications of these results to the
evaluation of the cavity decoupling evasion scenario.
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2. KIRGHIZIA HE DECOUPLING TESTS

2.1 Overview

During the summer of 1960, the Russians carried out a series of HE
cavity decoupling tests in limestone at a uranium mine in the Tywya
Mountains of Kirghizia (40.4°N, 72.6°E). This test series was comparable
in many ways to the COWBOY HE decoupling test series which was
conducted in salt in the U.S. at about that same time (Herbst ez al., 1961),
although it was somewhat more comprehensive in that it included a number
of charge configurations which were not investigated in the COWBOY
tests. In particular, the Kirghizia series included tests designed to evaluate
the effects of cavity shape and charge emplacement geometry on
decoupling effectiveness, in addition to conventional spherical cavity tests
similar to those employed in COWBOY.

The emplacement conditions of these Kirghizia tests were described
in detail in our previous report (Murphy et al., 1994) and will only be
briefly summarized here. The tests were conducted in chambers which
were excavated off of the main mine access tunnel at a depth of about 290
m below the surface. Five decoupling chambers were excavated, including
three spherical cavities with diameters in the 3.6 to 9.8 m range (i.e., radii
of 1.81, 2.88 and 492 m), as well as two nonspherical chambers
encompassing volumes of about 25 m3, approximately equal to that of the
1.81 m radius spherical cavity. The shapes of these two nonspherical
cavities were quite different. Chamber #6 was roughly cylindrical with a
length (L) of about 6 m and height (H) and width (W) of about 2 m, giving
an effective aspect ratio of about 3. Chamber #17, on the other hand, was
considerably more elongated (L = 12 m) and asymmetrical in cross-section
(W =2m, H=1 m), corresponding to an equivalent aspect ratio in the
range of 6 to 12. Thus, data recorded from the tests in these chambers can
provide a good measure of the dependence of decoupling effectiveness on
cavity shape over a fairly wide range of cavity aspect ratios. These cavities
were excavated in hard, homogeneous limestone, characterized by
compressional wave velocities in the 5.5 to 6.0 km/sec range. The
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maximum separation between any of the tests in the series was less than
150 m.

The test series was composed of 10 tamped and 12 decoupled
explosions having yields of 0.1, 1.0 and 6.0 tons. The explosives consisted
of ammonium nitrate, except for the two 6.0 ton tests which utilized a mix
of TNT and ammonium nitrate. For the cavity tests, the explosives were
suspended in the chambers and included cases in which the explosives were
positioned in the center of the cavity, as well as cases in which they were
positioned off-center, near the cavity walls. The configurations of the
various cavity tests are graphically summarized for each of the five test
chambers in Figure 2. It can be seen that explosions of the same yields
were detonated in cavities of different size and also that explosions of
different yields were detonated in two of the chambers (i.e. #10 and #13),
thus providing redundant data which can be used to assess the effects of
variations in scaled cavity size on decoupling effectiveness.

Before moving on to the analysis of the data, it is appropriate to
consider how the yield/cavity volume ratios for these Kirghizia tests
correspond to the common reference values of this ratio. Now, according
to the simplified Latter criterion (Latter et al., 1961) the volume of the
cavity required to decouple an underground explosion is directly
proportional to the yield of the explosion and inversely proportional to the
overburden pressure at shot depth. It follows that the cavity radius
required to decouple a nuclear explosion of yield W at a depth of 290 m in
Kirghizia limestone to the same degree as that achieved for the 0.38 kt
STERLING explosion in a 17 m radius cavity at a depth of 828 m in salt is
given approximately as 32W1/3 m, for W in kilotons. Thus, the equivalent
STERLING cavity radii for 0.1, 1.0 and 6.0 ton nuclear explosions at 290
m in limestone are about 1.5, 3.2 and 5.8 m, respectively. It follows that
for HE/nuclear equivalence ratios in the range of 1 to 2, the 0.1 ton
Kirghizia HE tests in the 1.81, 288 and 4.92 m radius cavities and the 1.0
ton test in the 4.92 m radius cavity should have been decoupled at least as
effectively as STERLING, while the 1.0 ton test in the 2.88 m radius cavity
and the 6.0 ton test in the 4.92 m radius cavity are somewhat overdriven
with respect to STERLING, at least according to the Latter criterion.
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These highly simplified calculations provide a rough basis for evaluating
the Kirghizia limestone data in terms of previous experience in salt.

Seismic data were recorded from these Kirghizia tests at locations in
the mine over a distance range extending from about 10 to 250 m from the
sources (Kitov et al., 1995). Most of these data were recorded on
broadband velocity (VIB) sensors which were installed in drill holes and
niches excavated in the wall of the mine. Peak amplitudes of displacement
and velocity have been reported for over 250 of these recording locations
and these peak data are analyzed and compared in the following section.
Waveform data were recovered for only about 30 of these recordings and
these were digitized at IDG and form the basis for the frequency dependent
decoupling analysis presented in Section 2.3.

2.2 Analysis of the Peak Amplitude Data

Some preliminary analyses of the Kirghizia peak amplitude data
were presented in our previous report (Murphy e? al., 1994) and, more
recently, Kitov et al. (1995) have performed statistical analyses of the
complete data set on a test by test basis. Kitov ef al. (1995) concluded from
the results of these statistical analyses that there are some systematic
differences in amplitude levels and distance attenuation rates between tests
which may correlate with yield and scaled cavity size. While these results
may provide some important new constraints on the equation of state to be
used in theoretical simulations of explosions in limestone, the inferred
differences between tests are fairly subtle with respect to the scatter in the
data and do not affect the principal decoupling issues being addressed in
this study. Therefore, in the following analyses we will rely primarily on
direct comparisons of the low frequency peak displacement data observed
from the various tests, rather than on these statistical fits to the data.

As an initial example, Figure 3 shows a comparison of the peak
displacement data as a function of range observed from a 1.0 ton tamped
shot and the 1.0 ton decoupled test in the 2.88 m radius spherical cavity. It
can be seen from this figure that the cavity test was indeed decoupled in
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Figure 3. Comparison of peak displacement data as a function of range
observed from 1.0 ton tamped and cavity decoupled HE tests at Kirghizia.



this case, showing an average peak displacement decoupling factor of about
a factor of ten with respect to the tamped shot of the same yield. Note that
this value is significantly lower than the nominal low frequency decoupling
factor of about 70 which is generally associated with the fully-decoupled
tests of the U.S. STERLING and COWBOY series. However, it is
important to note that the peak displacements being compared in Figure 3
correspond to very different frequency components and therefore, can not
be directly interpreted in terms of the low frequency decoupling level
which is typically used to quantify decoupling efficiency. This fact is
clearly illustrated in Figure 4 which shows a comparison of the radial
particle velocity seismograms recorded at a range of about 100 m from
these two explosions. Note that these data are consistent with the
theoretically expected differences in dominant frequency content between
tamped and cavity decoupled explosions of the same yield. That is, because
the characteristic seismic source radius is considerably larger for a tamped
explosion than for a cavity decoupled explosion of the same yield, the
characteristic corner frequency of the tamped seismic source is expected to
be lower, as observed in Figure 4. It follows that spectral analyses of such
complete waveform data are required in order to accurately estimate the
absolute levels of the low frequency decoupling factors for these tests.

However, despite the fact that peak amplitude data are not well-suited
for establishing absolute levels of decoupling effectiveness, they do provide
a reasonable basis of comparison which can be used to assess the relative
effects of variables such as yield, cavity size and shape and charge
emplacement geometry. That is, while the dominant frequencies of the
peak motions corresponding to tamped and cavity decoupled explosions of
the same yield are observed to be quite different, those associated with
decoupled explosions of the same yield in different cavities are observed to
be very similar. This fact is illustrated in Figure 5 which shows the
particle velocity seismograms recorded at a range of about 100 m from 1.0
ton decoupled explosions in cavities with radii of 2.88 and 492 m. It
follows that peak amplitude readings obtained from such recordings can be
directly compared to estimate differences in decoupling effectiveness at a
common dominant frequency. For example, Figure 6 shows a comparison
of the peak displacement data as a function of range observed from 0.1 ton
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Figure 6. Comparison of peak displacement data as a function of range observed from

0.1 ton decoupled tests in spherical cavities with radii of 1.81,2.88 and 4.92m.
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decoupled tests in the spherical cavities with radii of 1.81, 2.88 and 4.92 m.
Now, according to elementary theory, once the cavity is large enough to
fully decouple an explosion of a given yield, the low frequency level of the
seismic source function is expected to be independent of cavity radius for
any larger cavities (Murphy, 1980). That is, in the low frequency limit,
the seismic source level corresponding to the linear, elastic response of the
cavity wall to a late-time, steady-state pressure P in the cavity is
proportional to Prc3 and, since P is inversely proportional to cavity
volume, this source level is independent of cavity radius once the linear,
elastic limit has been reached. It can be seen from Figure 6 that the
observed peak displacement levels for these three 0.1 ton tests appear to be
independent of cavity radius over this range, which suggests that essentially
full decoupling was achieved in all three of these tests. This is not
surprising in that, as was noted previously, all three of these cavities are
larger than that of STERLING scaled to this yield and overburden
pressure. It does, however, serve to confirm the fact that such low
frequency peak displacement data are useful for comparing the relative
seismic efficiency of different decoupling tests.

A similar comparison for the 1.0 ton decoupled tests in the centers of
spherical cavities with radii of 2.88 and 4.92 m is presented in Figure 7.
In this case, the 2.88 m radius cavity is predicted to be overdriven
somewhat with respect to STERLING, while the 4.92 m radius cavity test
is expected to be fully decoupled. However, once again the observed peak
displacement levels from the two tests appear to be quite comparable,
suggesting that both tests were essentially fully decoupled.

Another way of comparing these same data is to look at scaled peak
displacements for explosions of different yields in the same cavity. That is,
by the same simple, elastic theory referenced above, the low frequency
level of the seismic source function is expected to be directly proportional
to yield for cavities large enough to fully decouple the explosions.
Therefore, to the extent that the observed peak displacement data are
proportional to the low frequency levels of the corresponding seismic
source functions, they should scale as the first power of the yield for fully
decoupled explosions in a given cavity. The results of applying this model

13




W =1.0ton

[ S SR S T |

[ S WO B |

1014
@) rC=2.88m
Vo =492m
100 ———] —— T T
100 10' 10° 10°

r,m

Figure 7. Comparison of peak displacement data as a function of range observed
from 1.0 ton decoupled tests in spherical cavities with radii of 2.88 and 4.92m.
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to the tests in the 2.88 m radius spherical cavity are presented in Figure 8,
where the yield scaled peak displacements as a function of range observed
from the 0.1 and 1.0 ton explosions in that cavity are compared. It can be
seen that these yield scaled peak displacement values are very consistent,
which provides further evidence that the 1.0 ton explosion in this cavity
was essentially fully decoupled. Figure 9 shows a similar comparison of
yield scaled peak displacements as a function of range for the 0.1, 1.0 and
6.0 ton decoupled tests in the center of the 4.92 m radius spherical cavity.
Here again, the yield scaled peak displacement levels are found to be in
excellent agreement, indicating that all three of these tests were fully
decoupled. We conclude that the available peak amplitude evidence
indicates that all the tests detonated in the center of these three spherical
cavities were essentially fully decoupled. These results are summarized in
Figure 10 which shows the yield scaled peak displacement levels for the
different cavity tests, plotted as a function of scaled cavity radius (rc/W1/3).
For the purposes of this comparison, the relative peak displacement levels
were estimated by computing least-squares amplitude/distance relations for
each test, assuming a nominal attenuation rate of rr1.1(Murphy et al,
1994), corresponding to the slope of the straight lines on Figures 6-9. It
can be seen from Figure 10 that these yield scaled peak displacement levels
show no obvious trend as a function of scaled cavity radius over the range
extending from 27 to 106 m/ktl/3. The average scaled (i.e., W =1ton, 1 =
1 m) peak displacement level for these cavity tests is 2800y, with a total
range of only about + 25% around this mean value. We conclude that HE
tests in spherical cavities with radii larger than 27 m/ktl/3 under this
overburden pressure in Kirghizia limestone are essentially fully decoupled.

The effects of charge emplacement geometry are addressed in Figure
11, which shows a comparison of the peak displacement data as a function
of range observed from the two 1.0 ton tests conducted at different
locations in the 4.92 m radius spherical cavity. In this case, one test was
conducted with the charge positioned in the center of the cavity, while the
other was conducted with the charge centered 1 m from the cavity wall. It
can be seen from this figure that the observed peak displacement level for
the test near the cavity wall appears to be somewhat larger on average than
that observed from the corresponding test in the center of the cavity. This
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Figure 8. Comparison of yield scaled peak displacement data as a function of range

for 0.1 and 1.0 ton decoupled tests in the spherical cavity with radius 2.88m.
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Figure 9. Comparison of yield scaled peak displacement data as a function of range
for 0.1, 1.0 and 6.0 ton decoupled tests in the spherical cavity with radius 4.92m.




104

. |
-
I
§ O
e o
A B G- S5
< O
o~ |
10° | ]
10’ 10
_C m/k’t1/3
W1

Figure 10. Comparison of yield scaled peak displacement levels as a function of
scaled cavity radius for Kirghizia decoupled HE tests in the center of spherical

cavities at a depth of 290m in limestone.

18



102

Dp,u

101+

100 ——— T ——
100 101 102

r,m

Figure 11. Comparison of peak displacement data observed from 1.0 ton
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suggests that the proximity of the charge to the cavity wall in the former
test resulted in an increase in the degree of nonlinear response in the
surrounding medium and, hence, increased seismic coupling efficiency in
that case. That is, the decoupling efficiency has been somewhat reduced as
a result of this charge emplacement geometry. However, the magnitude of
this effect appears to be no more than a factor of two in this case, at least in
the frequency range represented by this peak displacement data.

As was noted previously, in addition to the spherical cavity
decoupling tests described above, the Kirghizia series included several tests
designed to assess the influence of cavity shape on decoupling effectiveness.
This is a very important practical issue in that, from an engineering
perspective, it is much easier to construct elongated, tunnel-like cavities
than it is to construct underground spherical cavities of the same volume.
A number of theoretical studies of this problem have been conducted in
recent years (Steven et al., 1991b; Rimer et al., 1994) and the results of
these studies have indicated that the low frequency decoupling effectiveness
is largely independent of cavity shape, even for elongated cavities with
aspect ratios of 10 to 1 or more. However, until now, no experimental
data have been available to test these theoretical simulation results. Figure
12 shows comparisons of the peak displacement versus range data observed
from the Kirghizia 0.1 ton decoupled tests in spherical and cylindrical
cavities of about the same volume (i.e., 25 m3). The left and center panels
in this figure show comparisons for the explosions detonated in the center
of test chambers #6 and #17 (Cf. Figure 2), respectively. It can be seen
from these plots that the peak displacement levels observed from these two
tests in elongated cavities are very comparable to those observed from the
test in the spherical cavity of the same volume over the entire distance
range of observation. These results provide strong evidence that the low
frequency decoupling effectiveness is approximately independent of cavity
shape for elongated cavities with aspect ratios of 6 or more. The right
hand panel in Figure 12 shows a similar comparison for the test detonated
1 m from the end of chamber #17. In this case, the closest observations at
ranges less than about 10 m show evidence of some enhanced coupling
relative to the corresponding spherical cavity observations, but once again
these differences appear to be less than a factor of 2. Moreover, although
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the data are sparse, even these relatively small differences seem to
disappear at observation distances greater than the long dimension of the
cavity. This is a somewhat surprising result given the corresponding
spherical cavity observations of Figure 11, and suggests that this charge
emplacement geometry issue deserves additional study. In any case, we
conclude that over the range of test conditions explored at Kirghizia, the
low frequency decoupling effectiveness depends only on cavity volume and
is roughly independent of the shape of the cavity, in agreement with our
previous theoretical simulation results (Stevens et al., 1991b; Rimer et al.,

1994).

2.3 Analysis of the Waveform Data

It was noted above that the waveform data which are currently
available from the Kirghizia decoupling test series are much less complete
than the peak motion data. In particular, of the more than 250 recordings
from which peak motion values were determined, waveform data were
recovered from only about 30, all of which have now been digitized at IDG
and previewed for possible spectral analyses. Unfortunately, more than
half of these waveforms were found to be complete only through the first
half cycle of motion and these proved to be of limited value for
quantitative evaluation of the frequency dependent decoupling on these
tests. Moreover, of the remaining complete waveforms, a number were
recorded from 0.1 ton tamped tests for which there were no corresponding
recordings from cavity decoupled tests of the same yield. Thus, the only
waveform data which proved to be useful for quantitative spectral analyses
were the few recorded from 1.0 ton tamped and decoupled tests in the 2.88
m and 4.92 m radius spherical cavities. The radial component particle
velocity seismograms recorded in the distance range of 77 to 193 m from
two different tamped 1.0 ton Kirghizia tests are plotted in Figure 13, while
the corresponding seismograms recorded from two 1.0 ton cavity
decoupled tests are reproduced in Figure 14. The top trace in Figure 14
was recorded from the 1.0 ton explosion in the center of the 2.88 m radius
cavity, while the bottom two traces in this figure were recorded from the
1.0 ton explosion detonated 1 m from the wall of the 4.92 m radius cavity.
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Tt can be seen that these three decoupled test waveforms were all recorded
at a range of about 100 m, a distance which is encompassed by the ranges
of the four tamped recordings of Figure 13.

Although detailed analyses of the spectra corresponding to the
tamped waveforms of Figure 13 revealed that the amplitude attenuation
with distance in the Kirghizia limestone is frequency dependent, as would
be expected, the decoupling analysis results were found to be insensitive to
the details of this frequency dependence, because the available recorded
data sample such a limited distance range. ~Consequently, Kitov et al
(1995) proceeded by normalizing all the data to a reference distance of 110
m using the nominal, frequency independent peak velocity attenuation law
t-1.75, Following this distance normalization, tamped to decoupled spectral
ratios were computed using each of the four tamped recordings and the
results were then averaged to estimate the decoupling factors as a function
of frequency. The result for the 1.0 ton explosion in the center of the 2.88
m radius cavity is shown in Figure 15, where it can be seen that the
maximum low frequency decoupling at the corner frequency of the tamped
shot (i.e., around 75 Hz) is about a factor of 25 for this HE test. This value
is significantly lower than the preliminary estimate of 50 cited in our
previous report (Murphy ez al., 1994) and reflects the correction of an
erroneous data calibration factor used in that analysis. The dotted lines in
Figure 15 denote the 95% confidence interval around the mean spectral
ratio, and it can be seen from these bounds that the frequency dependent
decoupling estimates obtained using the four different tamped recordings
are quite consistent, particularly at low frequencies. This measure of
uncertainty is limited, of course, by the fact that only one recording is
available from the decoupled test. Thus, the accuracy of the decoupling
estimate is critically dependent on the assumption that this one recording 18
representative of that test. In the absence of additional data, about all that
can be said in this regard is that the peak displacement value corresponding
to this recording is indeed close to the expected mean value for that test

(Cf. Figure 7).

The observed maximum low frequency decoupling factor of 25 for
this presumably fully decoupled Kirghizia test is considerably lower than
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Figure 15. Frequency dependent decoupling factor corresponding to a 1.0 ton
Kirghizia explosion in the center of a 2.88m radius spherical cavity.
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the nominal full decoupling factor of 70 which is usually quoted on the
basis of STERLING experience. Although a number of recent theoretical
simulation studies have indicated that, for a given cavity size, HE
explosions are expected to decouple less effectively than nuclear explosions
of the same yield in salt (Glenn and Goldstein, 1994; Murphy et al., 1996),
the observed decoupling factors for the fully decoupled COWBOY HE tests
appear to have been about 70 (Murphy, 1980), close to that reported for
STERLING. However, very little decoupling data have been reported
from tests in media other than salt. Reinke et al. (1995) have recently
described some preliminary results obtained from the analysis of data
recorded from cavity decoupled HE tests conducted in limestone in a mine
near Magdalena, New Mexico. In these tests, explosions with a wide range
of yields (i.e., 0.1 to 4.0 tons) were detonated in rectangular chambers of
fixed dimensions (i.e., 2m x 4m x 8.5 m). These tests were somewhat
limited, however, in that these chambers were not sealed and the explosive
pressures were vented to the main mine adit via a narrow access
passageway to the chamber. Thus, the applicability of these decoupling
data is subject to some uncertainty, particularly at the low frequencies of
primary interest. In any case, Reinke et al. (1995) report low frequency
decoupling factors for the Magdalena tests which range from about 10 to
70 for those cavity tests with scaled yield/volume ratios comparable to that
of the 1.0 ton Kirghizia test in the 2.88 m radius spherical cavity. Thus,
these two limestone HE decoupling estimates are consistent within the

rather large data scatter.

A spectral analysis similar to that described above for the 2.88 m
radius cavity test was also conducted using the two waveforms from Figure
14 which were recorded from the 1.0 ton decoupled test detonated near the
wall of the 4.92 m radius cavity. The resulting average frequency
dependent decoupling factor for this test is shown as a dashed line in Figure
16, where it is compared with the corresponding average decoupling factor
from Figure 15. It can be seen that the maximum observed low frequency
decoupling for this test is about a factor of 10, which is 2.5 times lower
than that observed for the 1.0 ton decoupled test in the center of the 2.88 m
radius cavity. That is, these spectral data are generally consistent with the
peak displacement data of Figure 11, which were interpreted to indicate
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that proximity to the cavity wall had increased the low frequency seismic
coupling efficiency by about this amount for that test. Note also from
Figure 16 that this difference in decoupling effectiveness is frequency
dependent and that it reaches a maximum of more than a factor of 4 at
around 80 Hz, where the decoupling is maximum for the 2.88 m radius
cavity test. Thus, the effects of charge emplacement geometry appear to be
complex, and additional theoretical simulation studies and experimental
tests will be required in order to define these effects in a quantitative
fashion.

2.4 Theoretical Simulation Analysis

In order to carry out theoretical simulations of explosions in a
particular medium, it is first necessary to specify an equation of state for
the geologic material which applies over the entire range of pressures
induced by the explosive sources. Such information is presently not
available for the Kirghizia limestone medium and, consequently, it has been
necessary to approximate the required equation of state using data on
limestone from other locations. The only site specific material properties
reported by Kitov et al. (1995) for the Kirghizia limestone were the
density and compressional wave velocity. Therefore, these values were
combined with reported data from other limestones to establish the nominal
set of elastic constants listed in Table 1, which have been adopted for

simulation purposes.

The volumetric equation of state used in the calculations was
calibrated to match the Hugoniot data for limestone given by Schuster et al.
(1991) in the pressure range from 10 - 200 kb. The polynomial fit to this
Hugoniot is given by

P = Kp+B (- o) for u > o
P=Kp for u < Yo
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Table 1
Elastic Constants For The Kirghizia
Limestone Model

P wave velocity: 6000 m/sec
S wave velocity: 3750 m/sec
Poisson's ratio: 0.18
Density: 2.7 gm/cm3
Bulk modulus: 466 kb
Shear modulus: 380 kb

where P is the mean stress, K is the bulk modulus, p is the reduced
compression ratio, and B and [, are constants of the fit having magnitudes
of 1219 kb and 0.0022, respectively. Previous studies (Duff et al., 1987)
have shown that the omission of an energy dependent term in the
calculation of mean stress in the rock outside the cavity has a negligible
effect on the calculated velocities and displacements at ranges

corresponding to peak stresses below 1 kb.

Since no material properties data were available for the rock
strength at the Kirghizia site, it was assumed that this rock would be
somewhat similar to the hard limestone at the Silver City site, for which
such data were available (Chitty and Blouin, 1993). The Peyton failure
surface algorithm for rock, discussed in detail in Rimer et al. (1984),
which models the dependence of strength upon the third deviatoric
invariant, was used here to model the limestone strength behavior. In the
formulation, the strength in pure shear, T, was assumed to depend upon
mean stress as given by an exponential of the form

T =10 - i e’ P/

where the coefficients To, Ti, and Td, were given magnitudes of 3.863,
3.713, and 4.4678 kb, respectively, for these limestone calculations. From
this expression, the maximum stress difference in any other stress state can
be determined using the Peyton algorithm. (For the spherically symmetric
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calculations discussed here, the only relevant stress states are compression

and tension.) Stress difference in compression is given as 2.35 T, while its
value in tension is 1.5 7. Note that at zero P, T =To - 7i = 0.15 kb, while at

large P, the expression asymptotes to T=To. These values of T correspond

to stress differences in compression of 0.3525 and 9.08 kb, respectively.
Deviatoric stresses are calculated using Hooke's Law unless these stresses
exceed this failure surface (yield). In that event, they are adjusted
(reduced) to lie on the failure surface at the same mean stress using the
nonassociated flow rule (radial return).

The results of interest in these calculations are most sensitive to the
shear strength of the rock. For tamped events, higher strength results in
lower displacements and lower RDP. For relatively decoupled cavity
events, the strength, particularly at low mean stresses corresponding to the
pre-shot in situ rock stress, determines the scaled cavity radius for full
decoupling. Strength values at higher pressures may be expected to be
relatively consistent from site to site. However, the strength at low
pressure can vary dramatically in the same rock type from site to site as a
result of microfracturing and macrofracturing patterns in the rock. Since
both the 2.88 m and 4.92 m cavities at Kirghizia appear to be fully
decoupled for a 1.0 ton explosive yield, these data provide a lower bound
to the strength of the limestone at lower pressures which is very close to
that discussed above.

The results of interest are, in general, less sensitive to parameters of
the equation of state of the explosive detonation products. The chemical
explosive used for the Kirghizia 1.0 ton events was described as ammonium
nitrate having a density of roughly 1.6 gm/cm3. Since this explosive has
not been well characterized, most of the simulations were made for the
well-characterized TNT explosive, which has a density of 1.63 gm/cm3.
The JWL EOS for high explosives (Lee et al., 1973) was used to model the
explosive detonation and to compute the cavity pressure variation with
time. Material properties for TNT for this EOS may be found in Dobratz
(1981). Several calculations were also made using a modified TNT EOS,
intended to better simulate the ammonium nitrate (AN) explosive. This
AN simulant had the same initial density, a much lower Chapman-J ouguet
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Pressure (121 kb) compared to TNT (210 kb), and a lower detonation
velocity, 5270 m/sec, versus 6930 m/sec for TNT. In general, calculations
with this AN model gave decoupling factors (tamped/cavity) which were
very similar to those calculated using TNT. However, the AN decoupling
factors did not show the complicated structure at frequencies of 50-150 Hz
which were seen for the TNT results to be discussed later in this report.
For the tamped cavity case, the low frequency RDP for the AN simulant
was roughly 10 percent smaller than for the TNT case.

For the decoupled cavity events, shock wave propagation in the air
surrounding the chemical explosive was modeled using an air EOS
originally developed at the Air Force Weapons Laboratory. This EOS has
been used in a number of earlier decoupled cavity studies such as Stevens et
al. (1991a). For the simulations of decoupled nuclear events, the explosive
energy was uniformly distributed in a volume of air large enough to
produce an initial pressure of roughly 1000-1500 kb using this equation of
state. However, for the tamped nuclear case, the initial cavity in the
calculations was made large enough to vaporize roughly 70 tons of rock
per kiloton of explosive yield. Using an ideal gas equation of state for the
cavity materials, this resulted in an initial cavity pressure of ~650 kb. The
calculated values of RDP were found to be less sensitive to these
simplifying assumptions than to the poorly known material properties of

the limestone site.

Spherically symmetric finite difference calculations were carried out
to simulate the seismic source functions corresponding to the 1.0 ton
Kirghizia tests for the tamped and 2.88 m radius cavity configurations.
For this and all subsequent cavity simulations, the Lamé elastic solution was
used in the calculations to insure that the decoupled cavities were in
equilibrium with the 77 bar overburden pressure at the onset of the
simulations. For the material model described above, the limestone
surrounding the 2.88 m radius cavity did not fail in shear or tension and,
consequently, this case provides a good test of the low pressure equation of
state employed in these simulations. The peak displacements and velocities
as a function of range resulting from this cavity simulation are plotted in
Figure 17, where they are compared with the observed data from this test.
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It can be seen that the simulated peak displacements (left) lie somewhat
below the data in this case, although the predicted and observed attenuation
rates are in good agreement. The corresponding computed peak velocities
(right), on the other hand, lie well above the mean of the observed data and
show a significantly lower rate of attenuation with distance. In fact, if this
test was indeed fully decoupled, then the observed r-1.75 attenuation rate is
inconsistent with the theoretical elastic solution, and must be associated
with some anelastic decay mechanism which is not modeled in these
calculations. However, even in the absence of this discrepancy between
theoretical and observed attenuation with distance, it is clear from the
close-in comparison at a range of 10 m that the theoretical simulation is
significantly overestimating the observed peak velocity levels for this test.

Similar comparisons for the 1.0 ton tamped test are presented in
Figure 18 where, once again, the calculations are seen to be in better
agreement with the observed peak displacements than with the
corresponding observed peak velocities. This tendency for the simulations
to underestimate the peak displacements and overestimate the peak
velocities suggests that the limestone material model being employed in
these calculations has a shear strength which is too large. However, the
reasonable agreement between the calculated and observed peak
displacements for these two tests suggests that this model should provide an
adequate description of the low frequency decoupling efficiency, which is
of primary interest for seismic monitoring purposes.

The simulated decoupling as a function of frequency for the 1.0 ton
HE test in the center of the 2.88 m radius spherical cavity is shown in
Figure 19 where it is compared with both the corresponding experimental
estimate from Figure 15 and the theoretical prediction for a 1 ton nuclear
explosion in that same cavity. It can be seen that the theoretical HE
simulation predicts a maximum low frequency decoupling factor of about
25 in this case, in good agreement with the estimate obtained from the
measured data on that test. The agreement between the simulated and
observed frequency dependence of the decoupling factor is less satisfactory
in that it appears that the simulation overestimates the corner frequency of
the tamped test by a significant amount. This result is consistent with the
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Figure 19. Comparison of observed and theoretical frequency dependent decoupling
factors for 1 ton explosions in a 2.88m radius spherical cavity in Kirghizia limestone.
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peak motion comparisons shown in Figures 17 and 18 and provides further
evidence that the limestone model being used in the theoretical simulations
is too strong. It follows that additional work on the equation of state of
limestone will be required in order to define a completely satisfactory
simulation capability for applications to the higher frequency
characteristics of the seismic sources for such tests.

The dotted line on Figure 19 shows the corresponding frequency
dependent decoupling predicted for a 1.0 ton nuclear source in this same
cavity. It can be seen that for this source, the maximum low frequency
decoupling factor is predicted to fall in the range of 50-60, which is
significantly larger than the corresponding HE decoupling factor of 25 and
close to the nominal factor of 70 quoted for the STERLING experiment.
This difference between predicted decoupling factors for HE and nuclear
sources of the same yield in a fixed cavity has been noted before from
theoretical simulations of decoupling in salt (Glenn and Goldstein, 1994,
Murphy et al., 1996). Figure 20 shows a comparison of our predicted low
frequency decoupling factors for HE and nuclear sources in limestone (left)
and salt (right), plotted as a function of scaled cavity radius up to the scaled
radii where full decoupling is predicted. It can be seen that the
theoretically predicted differences between the HE and nuclear decoupling
factors are qualitatively similar for these two media, although the absolute
levels of decoupling efficiency do appear to show some medium
dependence.

In summary, the Russian Kirghizia HE decoupling test series has
provided much new information regarding the dependence of decoupling
efficiency on scaled cavity size and shape for explosions in a hardrock
medium. Analyses of seismic data recorded from these tests indicate that
HE explosions at a depth of 290 m in that limestone are essentially fully
decoupled in spherical cavities with scaled cavity radii larger than about 27
m/kt!’3 and that low frequency decoupling effectiveness under such
conditions is approximately independent of cavity shape for roughly
cylindrical cavities with length to width ratios of 6 or more. Spectral
analyses of the available waveform data indicate a maximum low frequency
decoupling factor of about 25 for fully decoupled HE tests in this
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limestone, and theoretical simulation results suggest that the corresponding
nuclear decoupling factor would be expected to be in the range of 50-60.

3. AZGIR WATER-FILLED CAVITY EXPERIMENTS

3.1 Overview

On July 1, 1968 the Russians detonated a 27 kt tamped nuclear
explosion at a depth of 597 m in salt at their Azgir test site located within
the central portion of the Caspian depression of the Russian platform (Cf.
Figure 1). This explosion produced a stable, roughly spherical cavity
which subsequently filled with water which flowed in through the
emplacement hole from the pierced water table above the cap rock. A
post-test downhole survey indicated that this cavity had a maximum
horizontal radius of 32.5 m and a total volume of 101,000 m3. This total
volume is equal to that which would be associated with a purely spherical
cavity with a radius of 28.9 m, which is about 10% smaller than the
observed maximum radius in the horizontal plane. During the period from
April 1975 to January 1979, the Russians conducted a series of six nuclear
explosions in this water-filled cavity. According to Kitov et al. (1995), the
primary objective of these experiments was to investigate a procedure for
producing trans-plutonium elements in experimental amounts. A
secondary objective was to evaluate the possibility of using such source
configurations to produce efficient and repeatable sources of seismic waves
for use in the dynamic characterization of seismogenic zones in the earth.
Moreover, since the cavity conditions were monitored after each test, this
series of experiments also provided valuable information regarding the
feasibility of using such cavities for multiple explosive tests. The results of
these latter investigations were summarized in our previous report
(Murphy et al., 1994). '

The source parameters of the seven nuclear explosions conducted in

emplacement hole A2 at Azgir are listed in Table 2, where it can be seen
that the yields of the water-filled cavity explosions varied over a factor of
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50, ranging from 0.01 to 0.50 kt. Now a 28.9 m radius, air-filled cavity at
a depth of 585 m in salt would be expected to decouple a 1.3 kt explosion
to the same degree as that achieved for the U.S. STERLING explosion. It

Table 2
Source Parameters For Azgir Water-Filled Cavity Tests

Emplacement Coordinates: 47.9086N, 47.9119E

Event Date Origin Time, UT Depth, m Yield, kt
A2 7-01-68 04 02 597.2 27
A2-2 4-25-75 05 00 582 0.35
A2-3 10-14-77 06 59 59.100 587 0.10
A2-4 10-30-77 06 59 59.069 586.2 0.01
A2-5 9-12-78 04 59 58.494 585 0.08
A2-6 11-30-78 04 59 58.929 586 0.06
A2-7 1-10-79 08 00 590 0.50

follows that if this cavity had been air-filled, all of the A2 cavity tests
would have been fully decoupled and the associated seismic signals would
have been well below the teleseismic detection threshold. In fact, however,
the two largest of these cavity explosions (i.e., A2-2 and A2-7) were
detected at teleseismic distances and have been assigned my values in the 4.0

to 4.5 range. Since a fully tamped 1 kt explosion in salt at Azgir
corresponds to an myp value of 4.5 or less (Murphy and Barker, 1994), it
follows that these cavity tests were not decoupled and, in fact, seem to show
enhanced coupling over some frequency bands, more consistent with what
would be expected for explosions in water (Evernden, 1970).
Nevertheless, their wide range in energy release at a fixed detonation point
provides a unique opportunity to examine the seismic source characteristics

of such explosions.
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3.2 Seismic Data Analysis

Seismic data from this series of explosions in Azgir emplacement
hole A2 were recorded at 28 stations located in the near-regional distance
range extending from about 1 to 175 km. Both vertical and horizontal
radial component data were recorded at stations located within 20 km of
ground zero and full, three-component data sets were recorded at the more
distant stations. Photographic recordings from the tamped explosion A2
and the first four of the water-filled cavity tests (i.e., A2-2, A2-3, A2-4,
A2-5) have now been collected and carefully digitized at IDG using
standardized procedures described by Kitov et al. (1994). Most of these
data were digitized at sampling rates of 200 samples/second or higher,
which provides more than adequate resolution of the highest frequency
components which can be reliably recovered from this recording medium.
At a number of stations, data were recovered from most or all of these
tests on a common instrument, thereby providing a basis for direct
comparisons in which the propagation paths and recording parameters are
held constant. These data were presented and discussed in some detail in
our previous report (Murphy et al., 1994) and, therefore, in this report we
will focus exclusively on analyses of the recordings at three of the closest
stations (i.e., 1.17, 1.71 and 7.8 km) for which the usable bandwidths of
the data are wide enough to examine the most important seismic source
characteristics of these tests.

The vertical component displacement data recorded at a distance of
1.17 km from the Azgir tamped and selected water-filled cavity tests are
presented in Figure 21, where they have been arranged in order of
decreasing yield from top to bottom. It is evident from this display that the
source corner frequency of the tamped test is much lower than those of the
cavity tests, consistent with the large differences in yield. It can also be
seen that the character of the seismic signals recorded from the cavity tests
changes as a function of yield, with the signals becoming progressively
more complex as the yield decreases. This is particularly evident for the
lowest yield A2-4 recording which shows a prolonged ringing which is not
evident in the recordings from the larger yield cavity shots. These
qualitative observations are confirmed in Figure 22, which shows a
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Figure 21. Comparison of vertical component seismic data recorded from the
Azgir tamped and water-filled cavity explosions at a range of 1.17 km.
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Figure 22. Comparison of displacement spectra computed from vertical component data
recorded from the Azgir tamped and water-filled cavity tests at a range of 1.17 km.
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comparison of the spectra computed from the signals in Figure 21. Note
that because of the dynamic range limitations of the hand-digitized data, the
spectrum for the tamped A2 explosion is only considered to be reliable
below about 5 Hz, because of its low corner frequency, while the cavity test
spectra are estimated out to 20 Hz. Note also that the spectrum for the 0.01
kt cavity test shows a strong resonance peak at around 10 Hz, consistent
with the previously noted oscillatory nature of the corresponding
waveform in Figure 21. The spectra derived from the recordings of these
four cavity tests at the 1.71 and 7.8 km stations are plotted in Figures 23
and 24, respectively. Comparing the spectra of Figures 22-24, it can be
seen that the spectral shapes for any one explosion are quite similar at all
three distances, which suggests that the propagation path effects are not
very pronounced at these near-field distances.

The band-limited spectra corresponding to the tamped 27 kt A2
event recordings at the three distances are shown in Figure 25 where they
have been normalized to a common low frequency level for comparison
purposes. Here, the low frequency (f < 1 Hz) levels have been
approximated from the higher frequency data by determining the best-
fitting Mueller/Murphy source function for the three individual spectra
corresponding to this tamped explosion in salt. Once again, it can be seen
that the three spectra are very similar in shape, suggesting that frequency
dependent propagation path effects may be of second order importance in
this case. If this were strictly true, the tamped explosion spectra at these
three stations could be simply cube-root scaled to the yields of the cavity
tests and used to compute spectral ratios which would then be equal to the
frequency dependent cavity/tamped source spectral ratios. The results of
applying this approximation to the data of the four cavity tests are shown in
Figure 26, where it can be seen that the cavity/tamped spectral ratios
obtained for a given explosion at the three distances are reasonably
consistent, suggesting that they may indeed represent useful approximations
to the corresponding source spectral ratios. Figure 27 shows the results of
logarithmically averaging these three estimates of the source spectral ratio
for each cavity test. It can be seen from this figure that, to this degree of
approximation, it can be concluded that the 0.35 kt A2-2 water-filled cavity
test shows enhanced coupling at low frequencies with respect to that
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Figure 23. Comparison of displacement spectra computed from vertical component
data recorded from the Azgir water-filled cavity tests at a range of 1.71 km.
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Figure 24. Comparison of displacement spectra computed from vertical component

data recorded from the Azgir water-filled cavity tests at a range of 7.8 km.
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Figure 25. Comparison of amplitude-normalized displacement spectra
corresponding to the vertical component recordings of the Azgir A2 tamped
27 kt explosion at each of the three distances.
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expected from a tamped explosion of the same yield in salt, while the 0.10
Kkt A2-3 and 0.08 kt A2-5 cavity tests appear to be roughly comparable to
tamped shots of those yields in salt over the entire frequency range of
observation. The 0.01 kt A2-4 cavity test spectral ratio, on the other hand,
shows a pronounced resonance in the band around 10 Hz, where the
overshoot of the low frequency level amounts to a factor of 5 or more.
Thus, the source spectral ratios corresponding to these four cavity tests
show some pronounced yield dependencies which should correlate with
differences in the seismic source generation mechanisms between these

different explosions.

An alternate way of analyzing these water-filled cavity test data has
been described by Sultanov (Kitov et al., 1995). In this approach, peak
velocity prediction equations determined from statistical analyses of a large
sample of data recorded from tamped Azgir explosions were used to
estimate the peak velocities to be expected from tamped explosions in salt
having yields equal to each of the four cavity tests. Ratios of the observed
to predicted peak velocities were then computed for each test and averaged
to obtain measures of relative coupling efficiency. Sultanov found that
these computed peak velocity ratios ranged from about 3 to 5, with the
largest ratio corresponding to the lowest yield 0.01 kt A2-4 test. Sultanov
therefore concluded that all the water-filled cavity explosions show a
significantly increased seismic efficiency relative to tamped explosions in
salt of the same yield. Given the scatter in the spectral ratio data from the
various stations shown in Figure 26, such a conclusion is not necessarily
inconsistent with the average source spectral ratio estimates presented in
Figure 27. However, there are reasons to be somewhat cautious in the
interpretation of the peak velocity ratio results. In the first place, the peak
velocity prediction equations being used as a reference were derived from
data recorded from much larger explosions which were detonated over a
range of burial depths and, consequently, their extrapolation to lower yield
explosions at a fixed depth are subject to some significant uncertainty.
Furthermore, comparisons of the peak velocities observed from the 27 kt
tamped A2 event with those observed from the cavity tests indicate that the
dominant frequencies of the peaks vary quite widely over this range in
yields. Consequently, it is not at all obvious how to interpret these peak
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velocity ratios in terms of the spectral ratios of Figure 27. It follows that
some uncertainties remain regarding the relative low frequency seismic
efficiencies of these water-filled cavity tests with respect to those expected
from tamped explosions of those yields in salt. However, the strong yield
dependence of the seismic source spectra corresponding to these different
cavity tests has been firmly established, and it is this feature of the data
which will be investigated in detail in the following theoretical simulation

analysis.

3.3 Theoretical Simulation Analysis

The theoretical simulation of the seismic motions produced by
nuclear explosions of different yields in the Azgir water-filled cavity is
obviously complicated by the nonlinear interactions between the shock
effects in both the water and the surrounding medium. Kostuchenko
(Kitov et al., 1995) derived an analytic approximation to the seismic source
function for such explosions by establishing a low frequency seismic yield
equivalence factor which relates the actual yield of the cavity explosion to
the yield of an "equivalent” tamped explosion in salt. While this model
does seem to provide some insight into the relative low frequency coupling
efficiency of these tests, it is quasi-static in nature and, therefore, can not
account for the dynamic shock effects in the water-filled cavity which
appear to be related to the strong yield dependence of the seismic sources
identified previously in Figure 27. Consequently, in the following analysis
we will focus on the results of a series of nonlinear finite difference
simulations which explicitly account for such dyhamic effects.

Before beginning the discussion of the specific finite difference
calculations, it will be useful to briefly review the phenomenology
associated with nuclear explosions in water. According to Pritchett (1971),
near the burst point the internal energy imparted to the water by the
explosion is sufficient that, upon expansion, the water will vaporize. For a
1 kt nuclear explosion, this vaporization will result in the generation of a
steam bubble with an initial radius of about 3.7 m and an internal pressure
of about 80 kilobars. In the open ocean, this high pressure bubble will
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subsequently expand until the internal pressure decreases to a little below
overburden pressure (i.e., it overshoots the equilibrium point), whereupon
it will rebound and collapse down to a minimum volume, where it is once
again brought to a halt by the high internal pressure. At an overburden
pressure of 60 bars, this initial expansion cycle results in a maximum
bubble radius of about 37 m, or an expansion of bubble volume by about a
factor of 1000. Once the bubble collapses to its minimum volume, the
internal pressure is once again much higher than the overburden, and a
new expansion cycle begins. This cycle of expansion and collapse would
continue indefinitely in the absence of dissipation mechanisms. However,
significant energy is in fact dissipated in each cycle due to Taylor
instability and turbulence at the steam/water interface at bubble minimum
and, as a result, only three cycles of expansion and collapse are observed
from underwater nuclear sources. A pressure pulse is emitted at the end of
each contraction phase, when the bubble is at minimum volume, and this
constitutes the "bubble pulse" which is used to identify underwater nuclear
explosions on hydroacoustic recordings. Of course, in the open ocean, the
bubble also simultaneously rises to the surface due to its buoyancy, as it
undergoes these expansion/contraction cycles.

For nuclear explosions in a water-filled cavity, the simple steam
bubble dynamics described above are complicated by the dynamic
interactions with the cavity wall. These effects are schematically illustrated
in Figure 28 where the interactions between the expanding gas bubble and
the reflected shocks from the cavity wall are shown for reference purposes.
We have attempted to theoretically model this complex process with a
series of one-dimensional, nonlinear finite difference simulations of
explosions in a purely spherical, 28.9 m radius, water-filled cavity in salt.
Lithostatic pressure at the 597 m depth of the Azgir cavity is roughly 120
bars. For the purposes of the numerical simulations to be discussed below,
it was assumed that the water-filled cavity was initially pressurized at the
corresponding hydrostatic pressure of about 60 bars. The Lamé elastic
solution for the stresses surrounding a pressurized spherical cavity was
used to determine the initial stress distribution in the salt near’ the cavity.
Parametric studies subsequently showed that the results of the calculations
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to be discussed here were essentially unchanged when the initial cavity
water pressure was reduced to 1 bar.

The calculations were initialized with the device energy uniformly
distributed in a water volume which gives an average initial pressure of 80
kilobars, sufficient to vaporize the required amount of water during the
bubble expansion. Parametric calculations indicate that a substantially
smaller initial bubble results in approximately the same computed spectra
while a significantly larger initial bubble (a lower initial pressure) does not
model the steam bubble behavior well and greatly changes the results of
interest. A detailed equation of state of water, AQUA, which includes the
steam tables, and most other relevant features of water behavior, was used

in the calculations.

Two very different strength models were used to describe the shear
behavior of the surrounding salt. The first, to be referred to as Lab Salt,
assumes that the Azgir site has a failure surface similar to that measured in
the laboratory on small samples of dome salt from the SALMON nuclear
event. It is approximated here as a parabola in stress difference Y versus
mean stress P, with a stress difference in compression of 138 bars, at zero
P, and a maximum value of Y in compression of 680 bars at P > 600 bars.
This model provides the "high strength bound” for the site. The second
strength model, generally known as the Cherry-Rimer (CR) model, was
developed to simulate the particle velocity versus time ground motion
measurements made during the SALMON event (Rimer and Cherry, 1982).
This model assumes that the salt has a very low strength initially and that
the strength increases greatly, to the lab strength, during the strain
hardening which occurs as a result of the ground motion. This model, in
general, results in inelastic behavior out to far greater ranges than does the
Lab Salt model. Both models have been used in a number of parametric
studies of decoupling, such as those described by Stevens ef al. (1991a).
For the purposes of the present study it was found that, although the
magnitudes of the seismic sources varied significantly between the two
models, the resulting cavity/tamped source spectral ratios were relatively
insensitive to the choice of model, so only the results from the simulations
carried out using the CR model will be considered in the following

discussion.
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We will first consider the simulation of the lowest yield 0.01 kt A2-4
cavity explosion. The sequence of events in this case is summarized in
Figure 29 which shows snapshots of the computed pressure as a function of
range in the cavity and surrounding salt medium at different instants of
time during the shock wave evolution. The dashed vertical lines on these
snapshots denote the location of the cavity wall in this one-dimensional
simulation. At this yield, the prompt vaporization of the surrounding
water produces a steam bubble with an initial radius of about 0.8 m and an
internal pressure of 80 kilobars. In Figure 29, the time dependent radius
of this steam bubble is represented by the plateaus of constant pressure
extending out from the origin, which coincides with the center of the
cavity. This gas bubble ultimately expands to a first maximum radius of
6.2 m in about 40 msec, which is significantly smaller than the maximum
radius of 8 m which would be expected for such an explosion in an
unbounded water medium. This is because the water borne shock wave,
which reflects from the cavity wall at about 17 msec, arrives at the
expanding bubble/water boundary at about 30 msec and retards further
bubble expansion. As is indicated in Figure 29, the bubble then collapses to
its first minimum radius of 3.7 m at about 80 msec, whereupon it begins a
second cycle of expansion and collapse. Therefore, the period of the
bubble oscillation in this case is about 80 msec, giving a characteristic
frequency about 12 Hz, which is close to the 10 Hz resonant frequency
observed in the corresponding spectral ratio for this test shown in Figure
27. As a point of reference, the same yield test under this overburden
pressure in the open ocean would be expected to produce a steam bubble
which would expand to its first maximum radius of 8 m in about 100 msec
and collapse to its first minimum radius in about 200 msec, giving rise to a
much lower bubble pulse frequency of about 5 Hz.

The corresponding theoretical simulation of the 0.35 kt A2-2
explosion in that same cavity is summarized in Figure 30. In this case the
initial vaporization radius is about 2.6 m and the computed first maximum
expansion radius is only 11.7 m, as opposed to the much larger 26 m radius
which would be expected in an unbounded water medium. This dramatic
reduction occurs because the shock reflection from the cavity wall arrives
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sooner (i.e., at around 20 msec in Figure 30) and is stronger than for the
previous 0.01 kt A2-4 simulation and, therefore, has a stronger influence
on terminating the bubble expansion phase. The bubble then collapses to its
first minimum radius of 10.5 m in about 50 msec, after which the bubble
oscillations damp out to almost nothing. Thus, for this case, there is only
one weak expansion/contraction cycle and a less pronounced resonance
peak would be expected, in qualitative agreement with the experimental

results of Figure 27.

The theoretical cavity/tamped seismic source spectral ratios
corresponding to these two simulations are shown in Figure 31 where they
are compared with the corresponding average observed spectral ratios
from Figure 27. Here, the theoretical results have been smoothed to
approximate the frequency resolution of the observations for comparison
purposes. It can be seen from this figure that the theoretical simulations
provide a good qualitative description of the observed differences in the
seismic source characteristics of these two cavity tests. One notable
discrepancy between theory and observation is that the computed resonant
frequency for the 0.01 kt simulation is somewhat too high. This is perhaps
not surprising, given the fact that the cavity is being approximated in the
simulation as a perfect sphere, which it is not, and this might well affect the
bubble period. That is, for the perfectly spherical cavity, a strong,
coherent reflection is produced at the cavity wall and this reflected shock
converges on the expanding gas bubble, effectively terminating its growth
phase. In reality, the reflection from the actual, irregular cavity boundary
could be expected to produce a less coherent reflected shock which would
be less efficient at retarding the bubble growth, thereby leading to a larger
bubble and longer associated bubble pulse period.  Thus, given the
limitations of the one-dimensional theoretical simulations described above,
the degree of agreement shown in Figure 31 may be about as good as can

be expected.

In any case, the evidence strongly suggests that variations in bubble
pulse dynamics give rise to the most prominent yield dependent seismic
source characteristics which have been identified in the data recorded from
these Azgir water-filled cavity tests. While this is an interesting result, it
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indicates that the observed seismic characteristics are dominated by the
water response rather than by the response characteristics of the
surrounding salt medium. Thus, it does not appear that the data recorded
from these cavity tests can provide much new information which can be
used to further constrain the salt equations of state to be used in theoretical
simulations of the cavity decoupling evasion scenario.

4. SUMMARY AND CONCLUSIONS

4.1 Summary

It has long been recognized that the most effective means for evading
the seismic detection of a clandestine underground nuclear test is to
detonate the explosion in a cavity which is large enough to substantially
decouple the radiated seismic signal. However, despite the fact that the
feasibility of this evasion concept was experimentally established nearly 30
years ago by the U.S. STERLING nuclear cavity decoupling tests, questions
still remain concerning the dependence of decoupling effectiveness on
variables such as source medium, cavity size and cavity shape. This report
has provided a summary of the results of a joint research program under
which scientists from S-CUBED have been working with scientists from
the Russian Institute for Dynamics of the Geospheres (IDG) in an attempt
to develop a better understanding of the effects of different cavity
decoupling variables on the seismic signals produced by underground
nuclear explosions. The primary objective of this program has been to
integrate available U.S. and Russian data and theoretical modeling results
on cavity decoupling into an improved, quantitative model which can be
used for the evaluation of the plausibility of the wide range of potential
evasion scenarios which must be considered in the monitoring of any

eventual CTBT.
The HE cavity decoupled test series conducted by the Russians in a

uranium mine in Kirghizia in the summer of 1960 was considered in
Section 2, where seismic data recorded from these tests were described and
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analyzed. It was noted there that these decoupled tests were carried out in
a variety of mined cavities in limestone, including spherical cavities having
diameters ranging from about 3.5 to 10 m, as well as nonspherical cavities
with volumes of about 25 m3. The experiments of this test series consisted
of 10 tamped and 12 decoupled explosions having yields of 0.1, 1.0 and 6.0
tons, and seismic data were recorded from these tests at locations in the
mine over a distance range extending from about 10 to 250 m. Peak
amplitudes of displacement and velocity were reported for over 250 of
these recording locations and it was shown that these data provide valuable
insight into the dependence of decoupling effectiveness on variables such as
cavity volume, cavity shape and charge emplacement geometry. While
more limited in extent, corresponding waveform data were also digitized
and processed to define the “frequency dependence of the observed
decoupling factors.

An analysis of the seismic data recorded from a series of six nuclear
explosions conducted in the same water-filled cavity at the Russian Azgir
test site was presented in Section 3, where the seismic source characteristics
of these explosions were studied in detail. Asa result of these analyses, it
was shown that the seismic signals from these explosions were mnot
decoupled in the manner which would be expected for such explosions in
air-filled cavities. On the other hand, it was noted that their wide range of
energy release of over a factor of 50 in yield at a fixed detonation point
does provide a unique opportunity to study the dynamic seismic response
characteristics of such cavity configurations in salt. These response
characteristics were systematically investigated using the results of a
detailed series of finite difference simulations of these explosions in which
the complex, nonlinear interactions between the shock effects in both the
water and surrounding salt medium were modeled and correlated with the

observed seismic data from these tests.

4.2 Conclusions

The research summarized above supports the following principal
conclusions regarding the Kirghizia HE cavity decoupling test series.
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(1)

(2)

(3)

4)

Analyses of seismic data recorded from these tests indicate that
HE explosions at a depth of 290 m in that limestone medium
are essentially fully decoupled in spherical cavities with scaled
cavity radii larger than about 27 m/kt1/3.

Comparisons of near-field peak displacement data recorded
from these tests indicate that the low frequency decoupling
effectiveness is approximately independent of cavity shape for
roughly cylindrical cavities with length to width ratios of 6 or
more. This observed insensitivity to cavity shape is consistent
with our previous theoretical simulation results.

A preliminary evaluation of seismic data recorded from tests
with charge emplacements in the center of a spherical cavity
and near the cavity wall suggests that close proximity of the
charge to the cavity wall does lead to some enhanced nonlinear
medium response, and an associated modest reduction in

decoupling effectiveness.

Spectral analyses of the limited available waveform data
indicate a maximum low frequency decoupling factor of about
25 for fully decoupled HE tests at this depth in the Kirghizia
limestone medium. Theoretical simulation results suggest that
the corresponding nuclear decoupling factor for this case
would be expected to be in the range of 50-60.

With regard to the Azgir water-filled cavity tests, results of the data
analysis and theoretical simulation studies support the following

conclusions.

(1)

Analysis of teleseismic mp/yield data from these explosions

indicate that they were not decoupled. In fact, they seem to
show enhanced coupling with respect to tamped explosions of
the same yields in salt over some frequency bands, more
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(2)

(3)

4)

consistent with what would be expected for explosions in
water. |

Broadband seismic data recorded at near-regional distances
from ~these explosions have been analyzed to estimate
cavity/tamped source spectral ratios. These ratios show some
pronounced yield dependence which appears to correlate with
systematic differences in the seismic source generation
mechanisms between these different explosions.

The results of theoretical finite difference simulations of
nuclear explosions of different yields in this cavity indicate
that the dynamic interactions between the steam bubbles
generated by the explosions in the water and the shock wave
reflections from the cavity wall have an important effect on
the seismic source characteristics of such tests.

It is concluded that the most prominent yield dependent
features which have been identified in the seismic data
recorded from these tests are dominated by the water response
to the explosive sources and, consequently, that these data do
not provide much new information which can be used to
further constrain the salt equations of state to be used in
theoretical simulations of the cavity decoupling evasion
scenario.
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